As the prominence of plastic as an environmental pollutant grows, efforts on several facets of particulate plastic (nano- and microplastic particles and fibers) research has begun to intensify to better understand their sources, fate and transport, as well as biological uptake and effects. Given that both primary plastic particles and secondary plastic debris come in a broad spectrum of sizes, nanoplastics,[@R1],[@R2] are also suspected to be present in the environment.[@R3],[@R4] Recently, there have been developments specifically aimed to investigate this smaller size fraction of particulate plastic,[@R4]--[@R7] although analytical methods to measure nanoplastic in the environment remain comparatively elusive compared to the possibilities which exist for e.g. microplastics.[@R8]--[@R10] Some novel methods to detect nanoplastics have begun to come online,[@R11],[@R12] but because (nano)plastics may be in dilute concentrations, improved sampling techniques (including sample concentration) need to be tackled in conjunction with lowering particle size detection limits.[@R11]

Few studies on nanoplastics natively in the environment have been performed while these developments are underway,[@R13] but knowledge on the sources, fate and transport can help identify which domains could be most affected.[@R14] Laboratory studies can aid in defining key parameters for transfers between particular technical or environmental compartments. For example, evaluating the flux of nanoplastics in municipal waste water treatment plants (WWTP), which are considered hubs between the urban and natural environments, would better determine if nanoplastics are released to receiving waters or are retained in the sludge. Primary nanoplastics have a number of demonstrated applications, including shell structures for encapsulating dyes,[@R15] additives in cosmetics[@R15]--[@R17] and shampoos[@R18], and to transport fragrances in e.g. laundry detergents and fabric softeners.[@R19],[@R20] Many of these primary nanoplastics will be released directly to sewers during consumer use. While bans restricting the use of particulate plastic in 'rinse-off' products have recently been passed in some countries,[@R21] specific regulation and enforcement is neither complete nor global, with many potential loopholes and limitations in scope.[@R22] Secondary nanoplastics are also present in the environment,[@R1],[@R5] ranging from tire wear[@R23],[@R24] to fragmented mismanaged waste[@R25]. These sources of plastic will make their way to the WWTP through road run-off in locations which have combined sewer systems.[@R26]

While progress is still ongoing to measure nanoplastics in field studies, researchers who study the fate, transport and biological interactions/effects of nanoplastics in bench top or pilot scale studies can take advantage of an entirely different approach. Doping particles with a tracer can be an effective way to track particles that are difficult to analyze due to low concentrations, impeded by high natural backgrounds, or in the case of nanoplastic, limited analytical techniques which exist to identify them in complex matrices.[@R27] In this study, we synthesized nanoplastics particles with a chemically entrapped metallic fingerprint which can greatly aid studies to understand underlying mechanisms, processes and principals of nanoplastic behavior. Using a scarce metal has several key advantages including; homogenization or digestion of complex samples will not quench the tracer (as is often the case with fluorescence[@R28]) and standard methods for trace metal analytics already exist and can be exploited for measuring metal-laden plastic materials. Moreover, when using a scarce metal, the particles can be spiked directly into a variety of environmental samples without worry of high (metal or plastic) background interferences.[@R29]

In this study, a suite of detailed particle characterization and testing was performed to show the stability of the nanoplastics over time. The characterization regime included particle imaging (SEM, STEM-EDX), sizing (DLS, electron microscopy), and metal (Pd) incorporation (ICP-MS). These measurements allowed us to: 1) ensure metal loading per particle (and thus the entire solution) was even, 2) calculate the detection limit both in terms of total Pd and nanoplastic particle concentrations, and 3) ensure Pd was not leaching from the particles over time. In terms of application, batch studies were performed to simulate the activated sludge process of a municipal WWTP using real municipal wastewater from a continuously running pilot scale system on site. Here, three independent objectives were; 1) evaluating the evenness of particle distribution in well-mixed activated sludge (and thereby optimizing sampling protocol for nanoplastics), 2) determining the affinity for heteroaggregation of nanoplastics with the suspended solids in the sludge (i.e. surface affinity and how quickly nanoplastics adhere to sludge flocs) and 3) assessing total nanoplastic retention in WWTP (i.e. the fraction which was associated to the sludge versus the supernatant in batch reactors).

Nanoplastic synthesis and characterization {#S1}
==========================================

The general structure of the particles synthesized was a polyacrylonitrile (PAN) core material which contained the metal tracer, followed by the addition of a crosslinked polystyrene (PS) shell ([Table S-1, Figure S-1](#SD1){ref-type="supplementary-material"}). The reasoning for this multi-step process was to impart a few key benefits over a single batch emulsion including, 1) acrylonitrile (AN) is capable of chemically complexing the Pd in the water phase, 2) the core/shell structure would ensure there was minimal leaching of metal from the particle, and 3) the shell could be changed independently of the core (i.e. different styrene morphologies and/or different polymers could be added for the shell). The surface of the nanoplastic can be controlled by the composition and speed at which the shell polymer material(s) are fed into the reaction vessel ([Figure S-2](#SD1){ref-type="supplementary-material"}). When the shell is formed by feeding a mixture of acrylonitrile and styrene/DVB on a gradient to slowly transition between the two polymers, this results in a smooth surface ([Figure 1B](#F1){ref-type="fig"}). Conversely, by directly adding styrene and DVB on the seed of the PAN core, phase separation of the polymer proceeds throughout the polymerization, because of their poor compatibility leading to a "raspberry" like appearance ([Figure 1C](#F1){ref-type="fig"}).[@R30] By feeding only styrene at the end of the synthesis, a complete styrenic outer layer was ensured for both morphologies. Additional information regarding reaction conversion rates, particle and metal concentrations in solution and nanoplastic size can be found in the supplemental information ([Figure S-3](#SD1){ref-type="supplementary-material"}). The combination of STEM/EDX allowed for a projection of the elemental distribution inside the particles. As expected, the metal Pd atoms are predominately in the center (i.e. core, [Figure 1D](#F1){ref-type="fig"}) of the nanoplastics, with minimal Pd entrapment closer to the final particle surface ([Figure 1](#F1){ref-type="fig"}, panels E and F). Additionally, the core/shell structure could be visualized since the polymer used for the core of the particle (PAN) contains nitrogen whereas the shell material (mainly) does not. This is clearer for the raspberry shell ([Figure 1I](#F1){ref-type="fig"}) than for the smooth shell ([Figure 1H](#F1){ref-type="fig"}) since the raspberry shell consists only of crosslinked polystyrene, and thus has a stark transition between the nitrile concentration in the polymers, whereas the smooth shell is a gradient from the nitrogen containing PAN to the nitrogen-free crosslinked polystyrene.

Nanoplastic metal incorporation and stability {#S2}
=============================================

When measuring serial dilutions of all particle variants by ICP-MS ([Figure 2](#F2){ref-type="fig"}, panels A and B), a linear Pd response was achieved which indicates that; 1) particle concentration scales linearly with Pd concentration, 2) Pd can be directly measured by ICP-MS and thus be a proxy for nanoplastic, 3) when combined with a calculation of the particle number in solution, the Pd loading per particle can be estimated, and 4) the detection limit can be calculated (both in terms of total Pd and, by extension, nanoplastic number concentration). To assess overall particle stability and potential leaching of Pd from the nanoplastics over time, dilute particle solutions in DI water were shaken end-over-end for two months. Subsamples were taken weekly to measure total particle concentration and to assess leached Pd, by means of measuring Pd content of the filtrate of centrifugal ultrafilters. Over eight weeks, we found that Pd concentrations did not change significantly, indicating that the particles are stable in DI H~2~0 at relevant exposure concentrations ([Figure 2A and B](#F2){ref-type="fig"}). Additionally, both the particle size and zeta potential were stable over the all analysis time points ([Table S-2](#SD1){ref-type="supplementary-material"}). The detection limit in terms of Pd concentration in DI water was determined to be 0.005 μg/L, which related to approximately 9.8x10^8^ particles/L ([Figure S-6](#SD1){ref-type="supplementary-material"}). In the particle core-only solution, there was approximately 0.3% ionic Pd of the total Pd in solution that was not incorporated into the particle at the time of synthesis ([Figure S-7](#SD1){ref-type="supplementary-material"}). For raspberry and smooth shell nanoplastic suspensions, the relative amount of dissolved Pd to total Pd in the particles was below or close to the ICP-MS detection limit at time zero (for measured Pd concentrations in particle filtrates, see [Figure S-7](#SD1){ref-type="supplementary-material"}). Over time, there was a minimal increase of free Pd released into solution that was not associated with the particles, but over the course of two months the dissolved Pd did not exceed 0.5%.

Based on the absence of Pd leaching from the particle core, we can deduct that the Pd is sufficiently incorporated inside the polymer to be used as a conservative tracer. Previous work has indicated the presence of a chemical bond between Pd and AN, hence a chemical entrapment mechanism.[@R31] Given the now proven stability of Pd into the core, other types of polymers could be grown on this base particle structure for other composite nanoplastic variants. There are several different monomers used in free radical polymerization, which are also of environmental interest, which could alternatively be added as a shell material in this system, namely, poly(styrene-butadiene) rubber (SBR) used in car tires and modified asphalt[@R32]--[@R34], polyvinylchloride (PVC) used in electrical cables,[@R35] construction or clothing,[@R36] and poly(styrene-acrylonitrile) (SAN) which is commonly used for kitchen utensils.[@R37] By synthesizing these materials in nanoplastic form, this could mimic the breakdown products of larger plastic items. The chemistry or morphology of the outer shell would have no influence on the function/utility of the Pd as a tracer.

Nanoplastic assessment and behavior in WWTP mixed liquor {#S3}
========================================================

Batch reactors were fed with mixed liquor (activated sludge, approximately 2.5 g/L total suspended solids (TSS)) which was collected from the nitrification tank of a pilot scale WWTP on site on each experimental day, and used within one hour of collection to help preserve biological activity. For each of the experimental protocols below, 250 mL glass Schott bottles were filled with 200 mL freshly collected activated sludge, open to air and gently stirred with a spin bar. Depending on experimental aims, nanoplastics were spiked into the reactor at multiple concentrations and allowed to stir for various lengths of time, up to two hours, representing the residency time of activated sludge in our pilot plant. Subsequently, stirring ceased and sludge was allowed to settle, representing the secondary clarifier of the WWTP.

Plastic evenness in mixed liquor -- insight into sampling strategies {#S4}
--------------------------------------------------------------------

Digestion of nanoplastic in mixed liquor was reproducible at various concentrations using standard additions. Alongside this, one can determine if the nanoplastics are well distributed within the mixed liquor (i.e. no "hotspots" created), which could lead to large under- or overestimations of plastic recovery depending on the sampling size or location. Thus, a sampling protocol was designed to ensure correct 1) sample size, 2) number of sub-samples and 3) sampling location within the test vessel. As a comparison, the same concentration(s) of ionic Pd was also tested under these conditions, to evaluate digestion and sampling techniques. A complete recovery of metal and low standard deviation indicated that the material is evenly distributed through the mixed liquor and that sampling protocol gives precise results ([Figure S-9](#SD1){ref-type="supplementary-material"}).

Nanoplastic affinity for heteroaggretation {#S5}
------------------------------------------

The removal of nanoplastics from suspension was measured by initial and final particle concentrations after mixing for an allocated amount of time (ranging between 1 min and 2 h), with subsequent settling for 30 min and sampling the supernatant. A basic estimate of the attachment of nanoplastics to organic matter can be made by evaluating the decrease of plastics in the supernatant with increased contact time between the nanoplastics and activated sludge. A linear regression can be fit to time points under 10 min (dashed line, [Figure 3](#F3){ref-type="fig"}). Total removal of nanoplastics increased with mixing times of up to 30 min, after which point the removal stabilized for both particle morphologies. As suggested by the similar linear regression of the slopes in [Figure 3](#F3){ref-type="fig"}, there was not a statistically significant difference in terms of removal for the different particle morphologies. Furthermore, there is little practical difference when considering the relative speed of particle attachment (minutes) to the residence time of the plastics in a real WWTP (hours). Both smooth and raspberry shelled nanoplastics had a similar total removal, with the vast majority of nanoplastics settling along with the sludge after 30 minutes of mixing time.

WWTP batch experiments- Depth Profile {#S6}
-------------------------------------

The sludge layer formed after settling occurred in the batch reactors was visually not homogeneous, where there was a less dense sludge (TSS) at the top of supernatant/sludge interface and increasing density with depth ([Figure 4A](#F4){ref-type="fig"}, [Figure S10](#SD1){ref-type="supplementary-material"}). The mass fraction of plastics recovered at each sampling depth correlated well with the TSS gradient for all concentrations of plastic spikes tested ([Figure 4A](#F4){ref-type="fig"}), indicating that there is a direct correlation between mass of TSS and nanoplastic concentration. Furthermore, this analysis highlights the sensitivity of our method that we can clearly and precisely describe the nanoplastic concentration at discrete depths along a depth profile. Categorically, there was less than 1% of measured plastic in the supernatant (roughly representing WWTP effluent) and \> 99% in the sludge layer. In total, 93 +/- 3% of the nanoplastic spiked was recovered across all concentrations and replicates (n=9). We wanted to assess if particles were still evenly attached to the sludge but it was the sludge settling pattern that was responsible for the observed plastic gradient with sludge depth. After the mixed liquor was allowed to settle, the supernatant was decanted, the sludge was re-homogenized (so that the TSS gradient was removed) and the sludge was subsequently sampled over depth. The concentration of nanoplastics was then even with depth, again reinforcing the assessment that the nanoplastics are in direct association with the TSS ([Figure 4B](#F4){ref-type="fig"}). This is an important consideration when determining an appropriate sampling strategy, as sub-sampling from the settled sludge without re-homogenization can give significantly different concentrations depending on slight changes of sampling location, and thus closing the mass balance becomes more challenging. While true replicates of a location cannot exist as the environment is by nature heterogeneous, our results indicate that even slight variations in sampling strategy (in this case, sampling depth) may lead to significantly different measured nanoplastic concentrations.

Utility of metal labeled nanoplastics for bench scale and pilot scale studies on nanoplastic {#S7}
============================================================================================

The explicit detection limits of other analytical techniques to measure particulate plastics are difficult to directly compare because authors can either present exposure concentrations or method detection limits in terms of plastic mass concentration or, alternatively, as particle number concentration detection limits.[@R11],[@R38] In terms of plastic mass, approximately 1 μg nanoplastic/L can be measured when using the materials produced here, based on the detection limit of Pd and relative concentration of Pd in the nanoplastic particle. Comparison between the number detection limits of particles of vastly different sizes can be somewhat misleading, given the intrinsic mass difference between nano- and microplastics. For example, using fluorescently labeled particles, detection limits between 7.5x10^4^ particles/L (for particles 20 μm in diameter)[@R39] and 2.91x10^11^ particles/L (for particles 100 nm in diameter)[@R28] have been reported. Effectively, the particles produced here have a particle number detection limit at least three orders of magnitude lower than other labeled particles of a similar size. Given that fluorescence was reported to change significantly during different digestion procedures,[@R28] the metal incorporated particles proves to be a more reliable tracer, especially given the consistently high recovery in complex matrices (\>90%). Additionally, since the Pd is securely entrapped inside the polymer, these particles are also suitable for ecotoxicity tests. Even at the highest testing concentration conducted here, the maximum concentration of Pd leached after eight weeks (0.05 μg/L; 4.7x10^-4^ μM) is five orders of magnitude below the reported EC~50~ values for free Pd and Pd complexes under a number of different conditions and target organisms.[@R40]

By using the metal fingerprint incorporated into the nanoplastics developed here, the possibility exists to repurpose some analytical techniques developed to measure inorganic nanoparticles in complex matrices, for example, single particle ICP-MS and Asymmetrical Flow Field Flow Fraction (AF4)-ICP-MS (see [supplemental information](#SD1){ref-type="supplementary-material"} for additional discussion and initial trials). Notably, the metal tracer itself cannot provide size, shape or polymer identity information alone. However, upon synthesis of a suite of particles with known sizes, shapes and polymers with various corresponding metals, divergent fate, transport, or biological interactions could be assessed at once in a given test system which was spiked with different metal-doped plastics.

Retention of nanoplastics in WWTP activated sludge {#S8}
==================================================

Physical-chemical processes controlling nanoplastic affinity (or attachment) to natural colloids will likely play key roles in determining if and how quickly nanoplastic particles adhere to larger materials in suspension and thus ultimately settle, affecting transport and fate over time and distance.[@R41] Others have previously used the trends measured for particle affinity for heteroaggregation (surface affinity) to provide a value for attachment efficiency.[@R42],[@R43] In this present case, the vast majority of nanoplastics heteroaggregate with sludge flocs within ten minutes. Given that the actual residency times of the mixed liquor and plastics in a WWTP are cumulatively much longer (hours) than the time shown for nanoplastic heteroaggregation (minutes), the attachment efficiency is of limited practical value because modeling attachment on a more time-resolved scale is not necessary for the process studied here. Furthermore, if an attachment efficiency of nanoplastics were to be derived for this system, it may not necessary be used to explicitly model nanoplastic fate in rivers, oceans, etc. because of different incidental particle characteristics.

Rather, the question we aim to answer through these experiments is to what extent nanoplastic is removed through the WWTP activated sludge process. Previous studies using inorganic engineered nanomaterials have also shown a good correlation between batch studies and pilot scale WWTP to accurately estimate particle retention in the sludge.[@R42],[@R44] By understanding the proportion of plastic that will exit the WWTP through different avenues (effluent or sludge), we can provide information for material flow modeling by way of transfer coefficients.[@R45] If, as these batch studies suggest, over 99% of nanoplastics will be associated with sludge then appropriate concentrations of nanoplastics in WWTP effluent can be estimated, with further fate modeling for particle behavior in rivers, etc. Likewise, depending on locality, plastics in the sludge could be modeled to be applied to agricultural fields (with accumulation over subsequent years), or eliminated through sludge incineration.

While data is lacking on nanoplastic removal through real municipal WWTP, several studies have measured microplastics and found that a sizeable fraction (78-90%) were retained in the primary clarifier,[@R46] with an additional decrease (7-20%) through the secondary treatment process.[@R46],[@R47] Nevertheless, even relatively low concentrations of plastics in the effluent can relate to higher concentrations of plastics downstream of the WWTP because of the high volume of effluent released daily.[@R48],[@R49] Often, technical constraints result in the omission of the smaller sized fraction of particulate plastic (i.e. sub-10 μm) being measured, yet this can result in reporting highly underestimated concentrations as it is estimated that between 35 -- 90% of particulate plastic, on a number basis, are not currently being detected.[@R50]--[@R53] When considering smaller sized particles in a WWTP, given the good retention of inorganic engineered nanoparticles in the sludge,[@R44],[@R54],[@R55] coupled with the results of the batch studies from this present study, a high retention efficiency might also be anticipated for nanoplastics. Nevertheless, given that WWTP are continuously running, dynamic systems, using e.g. a pilot scale WWTP to more definitively assess the behavior of nanoplastics in a more comprehensive way is certainly warranted.

Conclusions {#S9}
===========

The theme of (particulate) plastic pollution has recently received considerable attention in the public media demonstrating the interest of our society in plastic waste. Vivid and emotional discussions on particulate plastic have also revealed a certain discomfort in the collective public audience due to the lack of clear statements about the extent of exposure and effects of particulate plastic on environmental (and human) health.[@R56] Ultimately, one of the goals of many researches in this field today is to achieve an ecological risk assessments of plastic particles. Understanding exposure (including fate and transport) is one half of the risk equation. While the particles synthesized in this study cannot ultimately provide direct analytical tools to measure particulate plastic which is already in the environment, by providing the opportunity to quantitatively measure and track trace concentrations of nanoplastic in bench and pilot scale systems, they can make an excellent bridge for understanding environmental process or biological uptake of nanoplastics until analytical techniques for measuring environmental (nano)plastics have matured. For example, on the basis of these experiments, we can suggest that the nanoplastics which enter a WWTP will likely predominately leave the system through the sludge opposed to the effluent. Consequently, receiving waters would receive much fewer nanoplastic particles directly compared to concentrations which remained in the sludge, but variable sludge usage pathways by country (agricultural application, incineration) will deliver divergent sinks or elimination pathways of plastics from the WWTP.

Materials and methods {#S10}
=====================

Materials {#S11}
---------

Acrylonitrile (AN, Aldrich chemistry ≥ 99.0%), styrene (ST, Sigma Aldrich ≥ 99.0%) and divinylbenzene (DVB, Sigma Aldrich ≥60.0%) were the monomers used for emulsion polymerization. Water-soluble potassium persulfate (KPS) (Merck, ACS, Reag. Ph. Eur) was employed as an initiator. Potassium poly(ethylene glycol) 4-nonylphenyl 3-sulfopropylether (KPE, Sigma Aldrich ≥99%) and sodium dodecyl sulfate (SDS, Sigma Aldrich ≥ 99%) were used as surfactants and stabilizers during different polymerization stages. A water-soluble Pd precursor was used, K~2~PdCl~4~ (ABCR, 99%). The reaction medium was deionized water for all syntheses and was stripped with N~2~ *(g)* prior to the start of the polymerization. All materials were used without further purification. An ionic Pd standard solution (10000 mg/L, Sigma Aldrich) was diluted for a calibration solution for the ICP-MS from 0 to 10 μg/L, while an ionic In standard (Sigma Aldrich) was diluted to 100 μg/L as internal standard during sample analysis.

Polymer synthesis {#S12}
-----------------

The polymerization procedure consisted of a two-step emulsion polymerization, in which first the core particles were synthesized, after which a further shell was grown through feeding a second monomer solution over time ([Figure S-1](#SD1){ref-type="supplementary-material"}). Complete details are given in the supporting information, but briefly, the use of water-soluble materials including surfactants (SDS and KPE), initiator (KPS) and metal precursor (K~2~PdCl~4~) resulted in a chemical entrapment of the metal in the polymer. The evolution of the polymer conversion and particle size were followed by thermogravimetric analysis (T= 120°C) using a Mettler Toledo (Switzerland) and by Dynamic Light Scattering (DLS) using a Malvern Zetasizer Nano Z (United Kingdom) with backscatter angle 173° at 25°C, respectively on an hourly basis ([Figure S-2](#SD1){ref-type="supplementary-material"}). For the nanoplastic core, surfactant (SDS) and initiator were charged inside the reactor and the dissolved metal precursor was fed into the reaction over the course of two minutes with a simple syringe when the nucleation point was initially achieved.[@R31] At the outset of the synthesis, the KPE syringe was added at the same pace as the K~2~PdCl~4~. A conversion rate of monomer to polymer of 90% or over was established before shell addition began. The core particles acted as a seed for the further growth of the shell. Without stopping the core reaction, additional dissolved KPS was introduced directly by syringe after which a new feed of monomer mixture was connected to the reaction vessel, thus also diluting the mixture prior to further addition of monomers. Depending on the final morphology of the particle desired, different feed strategies were adopted. For a rough surface morphology (i.e. raspberry shell particles), a feed of water, styrene and DVB (see CFR in [Table S-1](#SD1){ref-type="supplementary-material"}) was directly connected without any further treatment and left dosing for four hours at a flow rate of 0.06 mL/min, with 20 g water (for 250 mL sized batch) added at two hours to reduce the risk of aggregation. To achieve a smooth surface morphology (i.e. smooth shell particles), a more gradual change of the feed composition was obtained with the usage of two pumps to provide a gradient between the initial core material (i.e. acrylonitrile) and transition to the styrene outer shell ([Figure S-1](#SD1){ref-type="supplementary-material"}). As was the case of the raspberry shell synthesis, after two hours of shell synthesis 20 g water was added to the reaction vessel. After the synthesis was complete, the latexes were directly filtered with a filter paper (MN 615, 22 s filtration speed) to remove all possible agglomerates. Finished nanoplastics were stored in plastic bottles at room temperature. We were successful in upscaling the synthesis to 1 L, with keeping the recipe similar.

Particle imaging and mapping elemental distributions {#S13}
----------------------------------------------------

Scanning Electron Microscopy (SEM, Leo 1530, Zeiss, Germany) was employed at a voltage of 5 kV and using a SE in-lens detector. The samples were loaded onto a carbon sticker on a stub and then coated with Pt (4-5 nm) prior to analysis. Sizing of 1000 particles was done from the SEM images by the software ImageJ. To assess the metal dispersion and element distribution in the nanoplastics, scanning transmission electron microscopy and Energy-Dispersive X-ray spectroscopy (STEM-EDX) was performed on materials taken at two time points along the synthesis; after core formation and after the final shell formation (i.e. complete and final particle synthesis). Electron microscopy measurements were done on a FEI Talos F200X electron microscope equipped with a Super-X SDD detector at an acceleration voltage of 200 kV and using high angle annular dark field (HAADF). EDX hypermaps (spot size 6, voltage 200 kV, acquisition time 10 min, image resolution 1024x1024 pixels) were acquired using Esprit software (Bruker, Germany) up to 40 keV to assess the M and L lines of Palladium. In all cases, the signals of the individual atoms were enhanced by the software.

Particle characterization: size, surface properties and Pd incorporation {#S14}
------------------------------------------------------------------------

### Particle Surface Charge (Zeta Potential) and stability (DLS) {#S15}

Zeta potential and DLS measurements were performed on the Malvern Zetasizer with a disposable folded capillary cell (DTS1070, Malvern) at all sample points of interest. The nanoplastic stock solution was diluted to approximately 0.5 mg/L particle concentration in ultrapure DI H~2~O, with three sequential measurements lasting 120 seconds each. DLS data collection parameters are the same as those acquired during particle synthesis. Zeta potential and DLS measurements were also collected over time in association with the particle leaching experiments to assess particle stability in more dilute concentrations. The average zeta potential and standard deviation is reported here ([Figure S3, Table S2](#SD1){ref-type="supplementary-material"}).

Nanoplastic particle calibration curves, particle stability and particle leaching potential {#S16}
-------------------------------------------------------------------------------------------

In order to ensure the Pd tracer was fixed in the polymer and could be used as a conservative tracer over time, the stock nanoplastic solutions for both the particle core and the final core/shell structure(s) was diluted in ultrapure DI H~2~O in glass vials with tightly fitting lids at three dilution factors (0.1 mg Pd/L, 0.5 mg Pd/L and 1 mg Pd/L, corresponding to particle concentrations of approximately 1.78x10^13^, 8.88x10^13^ and 1.78x10^14^ particles/L, respectively for the core and 1.24x10^13^, 6.22x10^13^ and 1.24x10^14^ for the shell particles). These solutions ranged from 500 to 5000 times dilution of the stock nanoplastic solution. The solutions were placed on an end-over-end shaker with samples taken at the outset of the experiment (i.e. time zero) and subsequently on a weekly basis for two months. The solution pH ranged from 6.6 for the least diluted to 6.9 for the most diluted particle suspension. At each sampling time, four analyses were performed. First, each solution was further diluted by a factor of 100 for ICP-MS analysis (final analysis nominal concentration of 1 μg/L, 5 μg/L and 10 μg/L Pd, particle concentrations of 1.78x10^11^, 8.88x10^11^ and 1.78x10^12^ particles/L, respectively for the core and 1.24x10^11^, 6.22x10^11^ and 1.24x10^12^ for the shell particles). The second analysis was using centrifugal ultrafilters (Sartorius Stedim, VIASPIN centrifugal filters, 10 kDa cutoff) of the final nanoplastic particle dilutions, with the filtrate measured by ICP-MS to determine the residual/leached Pd in each solution, presented here as a percentage of Pd in the nanoplastic particles of the corresponding solution. Finally, DLS and zeta potential measurements were recorded for each time point.

WWTP batch experiments and affinity for heteroaggregation {#S17}
---------------------------------------------------------

WWTP samples (effluent and mixed liquor) were collected from a continuously running pilot scale treatment plant at Eawag, which is fed with real municipal wastewater from the city of Dübendorf, Switzerland. Mixed liquor (activated sludge) samples were collected from the nitrification tank (approximately 2.5 g/L total suspended solids) on each experimental day, and used within one hour of collection to help preserve biological activity. Background Pd concentration in the mixed liquor was measured by ICP-MS as less than 25 ng/L daily. As a control for the batch experiments to ensure complete digestion of both matrix and (spiked) nanoplastic, as well as recovery of Pd, in complex media, aliquots of nanoplastic were directly digested in Teflon digestion tubes in the presence of 2 mL various matrices (DI H~2~O, WWTP effluent, mixed liquor) and compared to the analysis of nanoplastics in ultra-pure DI H~2~0 (see [supplemental information](#SD1){ref-type="supplementary-material"} for further information on digestion procedure).

Three independent objectives were investigated in the batch experiments simulating the activated sludge process including, 1) evenness of particle distribution in well-mixed activated sludge, 2) determining the affinity for heteroaggregation of nanoplastics with the suspended solids in the sludge (i.e. a simplified attachment assessment) and 3) estimation of the overall removal efficiency of nanoplastics during WWTP activated sludge treatment by measuring particles associated with the sludge versus those remaining in solution.

For the first objective of evaluating the evenness of nanoplastic distribution in the mixed liquor, 250 mL glass Schott bottles were filled with 200 mL freshly collected activated sludge, open to air and gently stirred with a spin bar. Three concentrations of nanoplastics (1.24x10^12^, 6.22x10^12^ and 1.24x10^13^, corresponding to 10, 50 and 100 μg/L Pd) were spiked into different reactors (in triplicate). While a lower concentration of particles could have been spiked, we did not find it necessary to work close to the Pd detection limit to study particle fate. After two hours of continuous stirring, five, 1 mL aliquots were taken by pipette at random locations from the vial and subsequently digested and analyzed by ICP-MS for Pd content to assess 1) reproducibility of the sampling and 2) recovery of the nanoplastic.

To assess the rate of nanoplastic affinity to the suspended solids (the second objective), a series of batch reactors with 200 mL of mixed liquor with one concentration of nanoplastics (6.2x10^12^ particles/L, in triplicate) were prepared for both raspberry and smooth nanoplastic shell morphologies. Mixing was stopped after 1 min, 3 min, 5 min, 7 min, 10 min, 15min, 30 min, 1 hr, 1.5 hr and 2 hr and the sludge was allowed to settle for 30 min, similar to experimental protocols in Barton et al.[@R42] Triplicate aliquots of the supernatant (5 mL) were collected 2 cm below the air water interface, digested, and analyzed by ICP-MS to assess the proportion of nanoplastics remaining in solution over time. A linear regression was fit to time points to assess attachment.[@R43],[@R44]

For the third objective, to estimate the overall retention of nanoplastics in the sludge, the mixed liquor set-up described in objective one was allowed to stir for two hours, the approximate residence time of activated sludge in one stage of the pilot scale WWTP at Eawag. Raspberry shell nanoplastics were used throughout all experiments. After two hours, vials were left to settle for 30 min before sampling commenced. Sequential 5 mL samples were taken from the air-water-interface for the entirety of the 200 mL of the solution (40 samples) in order to create a depth profile of plastic presence in the settled mixed liquor. After all the sludge was sampled, the Schott bottle was rinsed three times with 5 mL of DI H~2~0 to analyze remaining material. Both depth profile samples and bottle rinses were digested and analyzed by ICP-MS. In a variant of this experimental set up, to remove the total suspended solid (TSS) gradient in the settled sludge fraction to assess if nanoplastic was correlated with TSS concentration, after settling the supernatant was decanted, the sludge was re-homogenized and sampled sequentially without (re-)settling. In a separate container, TSS measurements were taken along the (settled) depth profile with drying 10 mL aliquots of solution on a 0.45 μm filter paper in sequence.

Supplementary Material {#SM}
======================

The supporting information includes the recipe and schematic for PANPd synthesis, digestion protocol, shell feeding mass fraction, conversion of monomer over time, STEM and EDX analysis of all particle variants, table of DLS and zeta potential measurements during leaching experiment, detection limit of nanoplastics in DI water, core stability studies, \[Pd\] in leaching experiments, evenness of nanoplastic in mixed liquor, photo of settled sludge and proof of concept AF4-MALS-ICP-MS analysis.
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![SEM micrographs of typical nanoplastics; A) PAN Pd particle core, B) final core/shell particle with a smooth shell C) final core/shell particle with a raspberry-type shell. Elemental distribution maps of the various syntheses including: PAN core, smooth shell and raspberry shell exhibiting presence of Pd (HAADF and Pd Lα lines, enhanced), panels D, E, and F, respectively, and PAN core, smooth shell and raspberry shell exhibiting presence of N and C (HAADF and N, C K-lines, enhanced), panels G, H, and I, respectively. Pd (red) is predominantly detected only in the center of the particles (i.e. core). The core/shell structure of the particles is notable with considerably more nitrogen (green) in the core of the particle from the acrylonitrile, with the outermost portion of the shell is entirely made of polystyrene (carbon only, blue). Note that the core sample pictured in Figure 1 panels A, D and G come from a separate synthesis and its size does not correspond to the core sizes belonging to the specific shell samples shown here. Additional images of HAADF and individual components (Pd, C, N, and O) and additional element combinations for all particles can be found in [Figure S-4](#SD1){ref-type="supplementary-material"} with EDX in [Figure S-5](#SD1){ref-type="supplementary-material"}.](emss-80999-f001){#F1}

![By measuring the total Pd concentration of the same diluted suspension over time we can assess the general stability of the nanoplastics. Instability would include particles aggregating and settling, particles adhering to the vial walls, or leaching of the Pd tracer. Nanoplastic particle stability (top row) and Pd leaching potential (bottom row) over time, with particles diluted in DI water and shaking for multiple weeks (abbreviated "w"). Theoretical particle number concentrations calculated for the stock solution and scaled for various dilution factors (fixed over time), with subsequent weekly measurements of total Pd in solution of the raspberry shell (panel A) and smooth shell (panel B). The concentration of dissolved Pd measured in solution for the raspberry shell (panel C) and smooth shell (panel D) is presented in relation to the total Pd spiked into the suspension. Concentrations of Pd in solution at T=0 represent residual ionic Pd in the stock solution (i.e. Pd not incorporated into the particles during synthesis) and weekly measurements thereafter are indicative of additional leached Pd. All measurements below the detection limit were set to zero for graphing purposes. For core measurements, see [Figure S-7](#SD1){ref-type="supplementary-material"}.](emss-80999-f002){#F2}

![Representative plot for smooth (blue) and raspberry (orange) shelled nanoplastics interacting with mixed liquor to illustrate removal with the sludge over time. The initial linear behavior that is used to assess heteroaggregation is shown for each material, indicated by time points less than 10 min with the dashed line. No statistical difference was noted between the different particles, indicating that the difference in surface morphology did not contribute greatly to the removal of nanoplastics in this instance over time spans that are relevant in our system of interest. Error bars indicate triplicate experiments.](emss-80999-f003){#F3}

![(A) Depth profile of nanoplastic in batch reactor with settled activated sludge, representing the secondary clarifier treatment step of a municipal wastewater treatment plant. The x-axis shows the concentration of each component (nanoplastic or TSS) measured at a given sampling depth, normalized to the total concentration of the respective component in the system. The close correlation between the nanoplastic and TSS over depth indicates that nanoplastics have a high affinity for sludge, and there is a constant ratio between the two components. The blue background indicates supernatant with the green background indicated the sludge layer. Shaded zones around the measurements indicate error associated with triplicate experiments for three particle spike concentrations, which are averaged together here as the trend in nanoplastic attachment was independent of particle concentration tested. Nanoplastic recovery across all spiked additions was 93 +/- 3% (B) Re-homogenized sludge to eliminate TSS gradient in sludge layer, with subsequent sequential sampling to determine nanoplastic concentration with depth.](emss-80999-f004){#F4}
